27 Zetaproteobacteria create extensive iron (Fe) oxide mats at marine hydrothermal vents, making 28 them an ideal model for microbial Fe oxidation at circumneutral pH. Comparison of neutrophilic 29 Fe-oxidizer isolate genomes has revealed a hypothetical Fe oxidation pathway, featuring a 30 homolog of the Fe oxidase Cyc2 from Acidithiobacillus ferrooxidans. However, Cyc2 function is 31 not well verified in neutrophilic Fe-oxidizers, particularly in Fe-oxidizing environments. Toward 32 this, we analyzed genomes and metatranscriptomes of Zetaproteobacteria, using 53 new high-33 quality metagenome assembled genomes reconstructed from Fe mats at Mid-Atlantic Ridge, 34 Mariana Backarc, and Loihi Seamount (Hawaii) hydrothermal vents. Phylogenetic analysis 35 demonstrated conservation of Cyc2 sequences among most neutrophilic Fe-oxidizers, suggesting 36 a common function. We confirmed the widespread distribution of cyc2 and other model Fe 37 oxidation pathway genes across all represented Zetaproteobacteria lineages. High expression of 38
Introduction 46
Neutrophilic Fe-oxidizing microbes are common in marine and terrestrial environments [1] , 47 precipitating reactive Fe oxyhydroxides that sequester organic carbon, phosphate, arsenic, and 48 many other metals [2] [3] [4] . However, it has been difficult to study the effects of neutrophilic Fe 49 7 Each time point (n = 5) and treatment (duplicate living and 3 mM azide-killed) had its own 125 142 mL reaction vessel with 30 mL mat material. In addition to a Pre-Fe(II) addition sample, one 143 sample was taken at the end which did not experience any Fe(II) addition. Both of these non-144 amended samples had low Fe(II) concentrations (BD and 0.3 µM, respectively). Each reaction 145 vessel was amended with 333 µM FeCl 2 , and suspended in a 28˚C water bath with mixing by 146 hand. Starting after 4-6 min and subsequently at 10 min intervals, one vessel was sacrificed at 147 each time point, sampling for Fe(II), total Fe, pH, and mixing 25 mL of material 1:1 with 2x 148
RNALater. PhyloSift [44] , and gene calling and SEED annotation was performed using RAST [45] . RAST 183 gene calls were used for COG annotation within Anvi'o [42, 46] and KEGG annotation through 184
BlastKoala [47] . Genes of interest (e.g. cyc2, cyc1, and terminal oxidases) were further manually 185 curated based on evidence using NCBI BLASTp [48] against Zetaproteobacteria protein 186 references. Gene annotation was assessed with maximum likelihood phylogenetic trees built 9 from alignments using RAxML [49] . The Cyc2 phylogenetic tree was constructed from an 188 alignment of 634 unique Cyc2 protein sequences identified from NCBI and IMG databases using 189
BLASTp [48, 50, 51] . Additional information on the Cyc2 sequences and tree construction are 190 provided in the supplemental methods. 191
192

RNA read recruitment and expression estimates 193
Raw total RNA reads were quality controlled (see above) using Trimmomatic ( Figure  233 2), which suggests that a substantial amount of Fe is being oxidized and precipitated within these 234 mats. 235 236
Zetaproteobacteria abundance and diversity 237
We initially assessed Zetaproteobacteria abundance and diversity using a 16S rRNA gene survey 238 We used the 16S rRNA gene community profiling results to choose MG and MT samples, 249 aiming to recover high abundance and diverse Zetaproteobacteria to produce high quality 250
genomes with sufficient MT read depth (Supplemental Figure 3) . We recovered 126 total high 251 quality MAGs from our samples (>70% complete, <10% redundant) (Supplemental Table 2 MAGs from this study improve the representation of nine different ZOTUs spanning the 257 Zetaproteobacteria phylogenetic tree by providing 2 to 13 additional high quality MAGs for each 258 of these ZOTUs (Figure 1 ; Supplemental Table 4 ). Many of these ZOTUs previously had poor 259 genome representation (see labeled ZOTUs in Figure 1B) . These diverse ZOTUs were abundant 260 and active within our Fe mats (abundance by 16S rRNA gene and MG; activity by MT) (Figure  261 2). MAG relative abundance generally matched relative activity, with the exception of MAG 262 S6_Zeta1 (ZOTU6), which had higher activity than expected, likely in response to the shipboard 263 incubation conditions. By substantially improving Zetaproteobacteria genome representation and 264 pairing this with metatranscriptomes, we are poised to investigate genetic commonalities and 265 diversity across the Zetaproteobacteria, particularly of the Fe oxidation mechanism. 266 267
Phylogeny of the putative Fe oxidase Cyc2 268
The key component of the proposed neutrophilic Fe oxidation pathway is Cyc2, which has been 269 shown to oxidize Fe(II) in acidophiles. Our preliminary analyses showed that some 270
Zetaproteobacteria genomes have multiple cyc2 copies that were not closely related. To 271 investigate these, we developed a comprehensive Cyc2 phylogeny. This phylogeny includes 272 sequences from terrestrial to marine, circumneutral to acidic environments, as well as both 273 ZOTUs that are now known to possess cyc2 (ZOTUs 1, 7, 13, and 14; Figure 4) . In contrast, 286
fewer ZOTUs have the Cluster 3 cyc2 gene, and 65% of genomes with Cluster 3 cyc2 (n = 15) 287 also have Cluster 1 cyc2. This suggests both Cyc2 types have a use in the Zetaproteobacteria, 288 though it is unknown how Cluster 1 and 3 Cyc2 may differ in function. ZOTU2 is unusual in that 289 only 3 of the 10 genomes appear to have cyc2, though this may be due to assembly issues 290 specific to ZOTU2 (Supplemental text). In any case, the presence of cyc2 in all 291
Zetaproteobacteria OTUs suggests its centrality to these neutrophilic Fe-oxidizers. 292
293
In addition to cyc2, other proposed genes for the Fe oxidation pathway were also widely 294 carrier. Indeed, many other putative periplasmic cytochromes can be found in 299
Zetaproteobacteria genomes (see below). Cyc1 or another electron carrier likely passes electrons 300 to a terminal oxidase or to complex I via complex III (reverse electron transport). Genes for the 301 bc 1 complex were found in all ZOTUs, whereas we found alternative complex III (ACIII) genes 14 in only a few Zetaproteobacteria, primarily in ZOTU11 and Family 2 (ZOTUs 4/10/13). We 303 found three types of aerobic terminal oxidases: 1) cbb 3 -type cytochrome c oxidase, 2) aa 3 -type 304 cytochrome c oxidase, and 3) cytochrome bd-I ubiquinol oxidase. Further, two distinct forms of 305 the cbb 3 -type cytochrome c oxidase were found, clustering in the proximal and distal for one or more of these terminal oxidases, suggesting that all Zetaproteobacteria are aerobic Fe-308 oxidizers (Figure 4) . Taken together, these findings allow us to update the neutrophilic Fe 309 oxidation pathway model ( Figure 5) . 310 311
In situ expression of the putative Fe oxidation pathway 312
Our next step was to determine whether the putative Fe oxidation pathway genes are expressed 313 in the environment; high expression would lend support for the model. In situ expression from 314 six unique ZOTUs in ten different samples (total 21 observations) show that cyc2 from Cluster 1 315 are highly expressed in all Zetaproteobacteria and samples, ranging from 3.0x to 555x baseline 316 constitutive gene expression ( Table 2) . Cluster 1 cyc2 was frequently the highest expressed gene 317 in the genome, particularly in the Mariprofundaceae (Family 1). Interestingly, cyc2 expression 318 levels differed between Zetaproteobacteria Families 1 and 2, though expression was still high in further supports the importance of bc 1 over ACIII for reverse electron transport. Average 331 expression of bc 1 was 6.6x constitutive expression, while ACIII expression was much lower at 332 0.6x. In ZOTUs with both complexes, bc 1 genes were expressed 1.5x-18.6x higher than the ACIII 333 complex. The limited distribution of ACIII in only a few Zetaproteobacteria lineages, despite our 334 deep sampling with near complete genomes, combined with its low expression suggests ACIII is 335 not required for Fe oxidation under the sampled conditions. 336
337
Comparison of relative in situ expression may also help identify genes that may be involved as 338 intermediate electron carriers, particularly in ZOTU9, which lacks cyc1. We identified at least 14 339 different c-type cytochrome genes with high expression (>90th percentile) in one or more 340 Table 5A ). Some of these genes (cyc1, PC12, PC61, 341 PC16, PC38) were more highly expressed in some genomes than cyc2 in the Mariprofundaceae, 342 and all were found in at least one genome where they were more highly expressed than cyc1. 343
Zetaproteobacteria genomes (Supplemental
Interestingly, these putative periplasmic cytochromes were found and expressed at different 344 levels in different Zetaproteobacteria lineages, with some unique to a single ZOTU (e.g. Other genes in the Fe oxidation pathway also generally followed this trend, with cyc1 expression 373 in 4 of 5 genomes and cbb 3 -type terminal oxidase genes in 2 of 4 genomes also increasing after 374
Fe(II) addition. However, low read recruitment depth led to substantial noise. To correct for this 375 noise, we normalized expression using six constitutively expressed genes, and focused on 376 expression patterns in S6_Zeta1, which had high read depth (Figure 6C) . Constitutive 377 normalized expression of S6_Zeta1 shows a similar pattern of cyc2 expression change over the 378 time series compared to expression patterns prior to constitutive normalization, with a maximum 379 increase of 3.6x after Fe(II) amendment. The genes encoding Cyc1 and the cbb 3 -type terminal 380 oxidase also increased after Fe(II) addition, reaching a maximum fold change of 1.5 -3x. This 381 trend was also observed for 7 of 8 putative periplasmic cytochromes more highly expressed than 382 cyc1, increasing 2.1-4.5x over the course of the experiment ( Supplemental Table 5B ). These 383 results suggest that the Fe(II) amendment increased the expression of many genes thought to be 384 in the Fe oxidation pathway. 385
386
If the Zetaproteobacteria represented by the S6_Zeta1 genome is an autotrophic Fe-oxidizer, 387
Fe(II) amendment should stimulate genes for carbon fixation, central metabolism, and growth. 388
Like cyc2 expression, genes for central metabolic pathways, including the TCA cycle, increased 389 in expression 2.0-3.4x over one hour in S6_Zeta1 from ZOTU6 (Supplemental Figure 9) . 390
Similarly, expression of genes for glycogen synthesis increased 1.8x in the first two minutes after 391 Fe(II) addition. Carbon fixation genes increased 1.9x in the first 12 minutes. Some of the highest 392 fold changes after Fe(II) amendment were seen in genes related to proper protein folding 393 (molecular chaperones groEL, groES, and dnaK) and membrane protein quality control (htpX-394 type protease) [61] . For example, groEL increased 119x after Fe(II) addition. Though these gene 395 responses may correspond with shock to the cell after Fe(II) amendment, these genes were also 396 highly expressed under in situ conditions in S1_Zeta1, which suggests that they may be 397 necessary for promoting active Fe oxidation in the environment. Together, these data suggest 398 In this study, we assessed the current model for Fe oxidation by comparing genomes 415
representing the full diversity of the Zetaproteobacteria (Figure 1B) . Figure 8) and increased cyc2 gene expression. This increase 463 in expression was found not only for the whole sample, but also in every Zetaproteobacteria 464 genome detected within these samples (Figure 6) . Although there was variation in the timing 465 and magnitude of the response, which may be lineage specific, the fact that expression increased 466 in all Zetaproteobacteria suggests that cyc2 expression is stimulated by the presence of Fe(II). 467
The Fe(II) amendment also resulted in increases in carbon fixation and central metabolism gene 468 expression, suggesting a link between cyc2 expression, neutrophilic Fe oxidation, and growth 469 (Supplemental Figure 9) . 470 471
Can the cyc2 gene be used as a marker for Fe oxidation? 472
Unlike many other energy metabolisms, neutrophilic Fe oxidation is challenging to track in the 473 environment due to lack of an isotopic signature and difficulties distinguishing biotic from 474 abiotic Fe oxides. Until recently, there have not been any candidates for a widely-applicable Fe 475 oxidation genetic marker; instead, it seemed that there were many different potential Fe oxidases, 476 with varying levels of functional verification (e.g. [6, 7, 69]). Our work adds to the mounting 477 evidence that Cyc2 is an Fe oxidase. The cyc2 gene is widely distributed across many Fe-478 oxidizing lineages, with homologs in acidophilies and neutrophiles. Specifically for neutrophiles, 479 cyc2 is common across the well-studied neutrophilic chemolithotrophs Gallionellaceae and 480
Zetaproteobacteria. As we have sequenced more of these neutrophilic FeOB genomes, this 481 association has held true [9, 13, 15, 21, 70]. However, our Cyc2 phylogeny has identified a 482 substantial number of organisms that have not yet been shown or tested to be capable of Fe 483 oxidation, work that could bolster confidence. In all, the cyc2 gene is a promising genomic 484 marker of the capacity for Fe oxidation across many different Fe-oxidizing lineages, including 485
neutrophiles. 486
Not only is cyc2 common to all well-established neutrophilic Fe-oxidizers, it is also highly 488 expressed in environments where neutrophilic Fe-oxidizers predominate (this study; [68] ). This 489 opens the possibility of cyc2 expression levels as an indicator of microbial Fe oxidation activity. 490
Indeed, when we stimulated Zetaproteobacteria Fe oxidation in incubations, expression of cyc2 491 increased along with an increase in carbon fixation and central metabolism genes. This is 492 consistent with Fe oxidation-fueled chemolithoautotrophic growth, and so relative cyc2 493 expression levels can correspond to increases in Fe oxidation activity. However, our results 494
suggest that cyc2 expression levels may not be easily related to Fe oxidation activity in the 495 environment. All Zetaproteobacteria in our samples were expressing cyc2 prior to Fe(II) 496 amendment, when there was no detectable dissolved Fe(II). This could represent baseline 497 expression by obligate Fe-oxidizers, which always need to be prepared for Fe oxidation. In this 498 case relative changes in cyc2 expression would remain more informative for activity. 499
Alternatively, cyc2 expression before Fe(II) amendment could result from cryptic cycling of Fe 500 between Fe-oxidizers and reducers [71] . Such cryptic cycling would make developing a genetic 501 marker for activity even more important for tracking Fe oxidation activity. Because of these 502 potential complications, further transcriptomics experiments should focus on isolates or 503 microcosms without Fe-reducers. In combination with our results, such experiments will help us 504 understand how to use cyc2 expression levels to interpret Fe oxidation activity in the 505 environment. 506 507
Conclusions 508
Using paired metagenomes and metatranscriptomes from the Zetaproteobacteria, we have been 509 able to demonstrate that the Cyc2-based neutrophilic Fe oxidation pathway is widespread and 510 highly expressed in the environment, validating the environmental importance of the pathway. 511
We have shown that the Cluster 1 cyc2 gene, conserved in the Zetaproteobacteria and other 512 neutrophilic Fe-oxidizers, is highly expressed in multiple Fe mat environments and is stimulated 513 by Fe(II) addition, suggesting it may be regulated. This makes cyc2 an excellent marker of Fe 514 oxidation capability, and may allow us to detect and monitor the activity of Fe-oxidizers in the 515 environment. However, to correlate expression with activity, further efforts should focus on 516 testing the regulation of cyc2 in diverse organisms and simple communities. The phylogeny of 517
Cyc2 shows at least three distinct clusters, with some neutrophilic Fe-oxidizers possessing 518 multiple copies (e.g. Clusters 1 and 3 in the Zetaproteobacteria). It is unclear why there are 519 multiple cyc2 in a single genome, though organisms may use different Fe oxidases under 520 different kinds of Fe-oxidizing conditions. If so, it would be valuable to monitor each form of 521 cyc2 individually. Without a marker of activity, the roles of neutrophilic Fe-oxidizers have been 522
virtually invisible outside of model Fe-oxidizing environments, like Fe microbial mats. By 523 applying our findings to other environments, we can start to reveal how Fe-oxidizing microbes 524
drive key biogeochemical cycles in the varied marine and freshwater habitats where they thrive. 
